N PS  ARCHIVE 
1966 
HUGHES,  F. 


wWfliwVWHWfc^WWrWftft>«iiyWV 


imiii 


M 


EMPLOYMENT  OF  ESSA  AND  NIMBUS  SATELLITE 
INFORMATION  IN  TROPICAL  ANALYSIS 
AND  FORECASTING 

FRANCIS  D.  HUGHES 


sfiaaBH 

L,,r..  .■■:■; 


WEtt 


^^POSTGRADUATE  SCHOOL, 

MONTEREY,    CALIF.   93940 


OUOLEV  KNOX  LIBRARY 

•sJA'w'AL  POSTGRADUATE  SCHOOL 

MONTWY  CA   93943-5101 


sswis  sr-sssr ^Ued. 


)f 


DUDLEY  KNOX  LIBRARY 

NAVAL  POSTGRADUATE  SCHOOL 

MONTPREV  CA    93943-5101 


EMPLOYMENT  OF  ESSA  AND  NIMBUS  SATELLITE 

INFORMATION  IN  TROPICAL  ANALYSIS  AND  FORECASTING 

by 

Francis  D.  Hughes 
Lieutenant,  United  States  Naval  Reserve 


Submitted  in  partial  fulfillment 
for  the  degree  of 

MASTER  OF  SCIENCE  IN  METEOROLOGY 
from  the 

UNITED  STATES  NAVAL  POSTGRADUATE  SCHOOL 
October  1966 


'     »  '      ^J        r^-i  v»^r  \tv 


^ 


V-W\V         F, 


ABSTRACT 
ESSA  2  and  NIMBUS  2  APT  daylight  cloud  photographs  of  the 
western  Pacific  area  (0-20N,   135-165E)  from  13  through  30  May  1966 
were  manually  converted  into  digitized  cloud  charts  indicating  cover 
and  type.    The  charts  were  superimposed  on  operational  surface  and 
250-mb  analyses  and  used  in  combination  with  24-hour  isallobaric/ 
isalloneph  charts  to  revise  the  analyses  to  reflect  satellite 
observations.    The  map  series  indicated  the  relationship  of 
synoptic-scale  cloud  systems,  primarily  in  and  near  the  Equatorial 
Trough  region  of  the  Western  Pacific,  with  low  level  pressure  fields 
and  upper  level  lateral  divergence  zones.    The  cloud  systems  tied  to 
Equatorial  Trough  phenomena  were  found  to  be  trackable  from  day  to 
day.    Rainfall  appeared  to  correlate  well  with  the  cloud  charts  and 
as  a  test, cloud  and  precipitation  forecasts  were  made  and  verified 
for  selected  stations. 
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SECTION  I.    Introduction 

It  has  long  been  recognized  that  accurate  and  detailed  lower 
and  upper  tropospheric  analyses  over  the  tropical  ocean  areas  of 
the  world  have  suffered  due  to  an  inadequate  number  of  regularly- 
reporting  observation  stations.    The  current  situation  is  aptly  stated 
in  (1) . 

In  view  of  this  situation,  the  subject  research  was  aimed  toward 
utilizing  weather  satellite  information  as, an  analysis  aid  in  an 
operationally  important  sparse  data  area.    Specifically,  the  hypotheses 
of  this  experiment  are  that  the  weather  satellite  daylight  photographs 
can  be  used  to: 

1.  augment,  clarify  and  increase  the  detail  of  both  low  level 
and  upper  level  analyses  of  the  tropical  wind  and  pressure  field,  and, 

2.  show  that  a  tropical  cloud  system,  with  less  organization  than 
that  associated  with  depressions  or  disturbances,  can  be  tracked 
from  day  to  day  and  lead  to  improved  weather  forecasts. 

A  further  objective  of  this  study  is  to  supply  the  Department  of 
Meteorology  and  Oceanography,  United  States  Naval  Postgraduate 
School,  Monterey,  California,  with  an  updated  tropical  weather  map 
series  which  utilizes  recent  operational  weather  satellite 
observations. 


SECTION  II.    Data  and  Area  of  Study 

The  weather  satellites  in  the  Tiros  Operational  System  (TOS)  are 
called  Environmental  Survey  Satellites  (ESSA).    In  May  1966,  there 
were  two  basic  types  of  ESSA  satellites.    One  type,  ESSA  1,  is 
equipped  with  a  camera  system  that  can  be  readout  only  by  the 
Command  and  Data  Acquisition  (CDA)  stations  at  Gilmore  Creek, 
Alaska,  and  Wallops  Island,  Virginia.    The  other,  ESSA  2,  is  equipped 
with  a  so-called  Automatic  Picture  Transmission  (APT)  camera  system 
which  can  be  readout  by  any  station  possessing  the  appropriate 
receiver.    Also  in  operation  during  May  was  an  APT-equipped 
Nimbus  2  research  and  development  satellite. 

A  restricted  area  within  the  zone  of  responsibility  of  the  United 
States  Navy  Fleet  Weather  Central,  Guam  (FWCGkwas  selected  for 
the  study  as  may  be  seen  in  figure  1. 

Daylight  APT  pictures  from  ESSA  2  and  Nimbus  2  for  the  period 
12  May  through  31  May  1966  were  obtained  from  FWCG.    ESSA  1 
nephanalyses  for  the  same  period  were  received  through  the  Naval 
Air  Systems  Command,  Project  Fleet  Applications  of  Meteorological 
Observations  from  Satellites  (FAMOS) ,  Suitland,  Maryland. 
Conventional  data  and  analyses  for  the  same  period  were  obtained 
from  FWCG,  United  States  Navy  Fleet  Weather  Central,  Pearl  Harbor, 
and  from  the  United  States  Navy  Representative,  National  Weather 
Records  Center,  Asheville,  North  Carolina. 
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In  general,  two  ESSA  2  passes  of  three  pictures  each  were 
available  for  each  day  in  the  period.    The  total  area  covered  by  the 
two  passes  (45N  to  25S,  125E  to  175E)  exceeded  the  area  studied 
(figure  1).    The  average  time  of  the  easternmost  pass  was  2140Z  and 
that  of  the  subsequent  pass  2340Z  for  a  mean  daily  picture  time  of 
2240Z. 

ESSA  1  nephanalyses  for  several  hours  later  were  used  each  day 
as  a  gross  check  on  the  cloud  cover  in  the  experiment  area  and  as  a 
compatibility  check,  on  cloud  types  identified  in  earlier  ESSA  2  photo- 
graphs. 

Some  Nimbus  2  photographs,  available  each  day  a  few  hours 
after  the  ESSA  2  pictures,  were  used  only  as  an  aid  in  sun  glint  areas. 
They  were  not  used  more  extensively  because  of  the  time  lag  and 
difference  in  resolution  between  the  two  systems. 
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SECTION  III.    Procedures 

The  cloud  photographs  were  gridded  into  increments  of  area,  one 
degree  latitude  by  one  degree  longitude.    Next,  the  APT  pictures  were 
manually  digitized  into  a  cloud  cover  code  for  each  increment  by  using 
a  scheme  as  shown  in  Table  1  (2).    This  coded  value  was  then  plotted 
on  a  chart  of  the  same  scale  as  that  used  for  the  conventional  analyses 
at  0000Z  each  day.    An  example  of  a  coded  chart  is  shown  in  figure  1. 

The  250-mb  level  was  selected  as  representative  of  upper  tropo- 
spheric  conditions  in  the  tropics.    Streamline  charts  at  this  level  were 
analyzed  using  radiosonde  data  and  aircraft  reports  from  military  and 
commercial  sources  at  altitudes  from  30,000  to  40,000  feet. 

Surface  charts  were  analyzed  for  sea -level  pressure  at  0.5  mb 
interval  and  were  considered  as  representative  of  lower  tropospheric 
conditions.    850-mb  streamline  charts  were  used  as  an  aid  for  the 
surface  analyses.    The  surface  and  digitized  cloud  charts  were  used 
further  to  generate  24-hour  pressure  and  cloud  change  charts, 
respectively. 

Time  sections  for  Guam  and  Truk  were  prepared  (Appendix  n). 
They  were  used  as  an  aid  in  locating  upper  and  lower  tropospheric 
troughs  and  ridges  and  as  a  part  of  the  conventional  data  used  in 
making  forecasts  for  certain  stations  (Appendix  I). 
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SECTION  IV.    General  Conclusions 
This  section  synopsizes  the  general  conclusions  drawn  from  the 
analysis  study.    More  detailed  information  which  lead  to  these 
conclusions  is  found  in  the  discussion  of  the  daily  charts  (Appendix  I). 

It  is  pertinent  at  this  point  to  show  some  climatological  features 
of  the  experiment  area.    They  are  the  May  position  of  the  Intertropical 
Convergence  Zone  (ITC)  and  associated  flow  pattern  (figure  2),  (3)  and 
the  subtropical  anticyclonic  vortex  and  a  portion  of  the  Mid-Pacific 
upper  tropospheric    trough  found  on  the  mean  200-mb  streamline ■  cheats  for 
May  (figure  3)  (4) .    Figure  3a  was  typical  of  the  flow  pattern  early  in 
the  period  investigated  while  that  of  late  in  the  period  was  charact- 
erized by  figure  3b.    The  streamline  pattern  for  the  middle  of  the 


period  appeared  transitional  between  the  figures  |?a  and  3b)> 
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'crlrapical  Convergence  Zone — Mcar.  vox::'"::  for  May 


Figure  2 


TABLE  I 


CLOUD  COVER  CODE 

1 
2 
3 
4 
5 
6 
7 
8 


NEPHANALYSIS       APPROXIMATE  CLOUD  COVER 
SYMBOL  IN  TENTHS 


0  or  Clear 


MOP 


M  C  O 


Disturbed 


0  -  1 
2 
3 
4 
6 
8 
10 
10 


15 


16a 


A.      Satellite-Observed  Clouds  versus  Precipitation. 

The  surface  observations  forWoleai,  Yap,  Guam,  Truk  and 
Eniwetok  were  compared  with  the  coded  cloud  charts  for  the  same 
time  period.    It  became  evident  that  there  was  a  significant  relation 
between  certain  coded  values  on  the  cloud  chart  and  convective 
shower  activity.    Code  5  correlated  very  well  with  the  occurrence  of 
light  showers  while  codes  4  and  below  did  not,  in  general,  coincide 
with  any  shower  activity  except  in  the  case  of  cloud  lines  which  are 
discussed  separately  later.    Also  code  6  and  above  usually  occurred 
with  a  greater  frequency  of  showers  and  correlated  very  well  with 
heavy  shower  activity.    The  above  can  be  seen  by  comparing  figures 
12,  14,  17,  20,  23,  etc.,  with  the  daily  rainfall  statistics  listed  in 
Appendix  III  for  each  of  the  above  named  stations. 

An  explanation  for  the  above  relation  can  be  seen  by  looking  at 
figure  4.    The  subject  cloud  mass1    was  the  most  frequent  and  wide- 
spread cloud  found  in  this  study.    It  was  composed  of  clusters  of 
cumulus  clouds  in  different  stages  of  development  with  apparent  middle 
cloud  sheets  between  the  cumulus  towers,  most  of  which  had  a  cirrus 


A  cloud  mass  by  definition  (5)  is  a  large-scale  area  of  reflection 
from  clouds,  with  covered  conditions.    A  cloud  band  is  a  synoptic 
scale,  solid,  covered,  or  mostly  covered  cloud  pattern  that  has  a 
width  of  at  least  one  degree  latitude  and  a  length-to-width  ratio  of 
at  least  4:1.    In  this  paper  cloud  mass  will  refer  to  either  cloud  mass 
as  defined  above  and/or  cloud  band.    To  further  clarify  the  usage  of 
cloud  mass,  it  is  designated  as  type  one  (see  Table  2  ,   page  40). 
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canopy.    The  cloud  mass  had  distinct  edges  and  only  infrequently  did 
middle  or  high  cloud  streamers  extend  from  the  cloud  mass  proper. 
This  gave  evidence  that  only  small  wind-vector  shears  existed 
between  low  and  high  cloud  decks.    Stations/ships  as  close  as  60 
nautical  miles  to  the  cloud  mass  reported  little  or  no  clouds.    When 
the  cloud  mass  moved  over  a  station,  it  was  preceded  by  little  or 
no  increase  in  high  and  middle  clouds  and  the  commencement  of 
showers  was  coincident  with  the  arrival  of  the  cloud  mass  (see 
Appendix  I).    When  the  cloud  mass  was  over  a  station  on  two 
successive  photographs  (24 -hour  interval)  approximately  a  half  inch 
of  rain  was  received  (Appendix  I  discussion  for  14/00Z) .    Hence,  there 
appeared  to  be  a  definite  relationship  between  the  horizontal  and 
vertical  extent  of  the  cloud  mass  as  borne  out  by  the  occurrence  and 
magnitude  of  rainfall. 

When  cirrus  blowoff  from  the  cloud  mass  took  place,  e.g.  , 
figures  16  and  19  ,    then  in  the  area  covered  by  the  cirrus  the  above 
comments  were  not  applicable.     However,  the  areas  covered  by  the 
cirrus  blowoff  were  quite  easy  to  distinguish  and,  in  general,  covered 
only  a  distance  of  40  to  80  nm  downstream  of  the  cloud  mass.    Cirrus 
clouds,  in  a  layer  or  streaks,  probably  extended  further  downstream 
but  were  not  photographed  by  ESSA  I  due  to  their  small  vertical 
dimension.    In  one  rare  case  cirrus  clouds  accounted  for  most  of  the 
overcast  in  the  area  denoted  in  figure  13. 
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Cloud  lines  are,  by  definition  (5),  a  series  of  aligned  cloud 
elements,  nearly  all  of  which  are  connected  and  less  than  one  degree 
latitude  in  width.    Such  lines  generally  were  not  considered  in  this 
experiment  since  they  appeared  rather  infrequently  and  were  not 
trackable  (see  examples  in  figures  23,  26,  29,  41).    Moreover,  they 
appeared  to  have  little  association  with  the  weather  at  surface 
observation  points  except  in  one  case  (figures  23  and  26).    This  cloud 
line  was  very  persistent  and  the  rainfall  at  Eniwetok  from  17/00Z  to 
18/00Z,  as  listed  in  Appendix  III,  resulted  from  it.    At  times, the  cloud 
lines  gave  evidence  of  separating  flow  from  two  differing  wind  regimes, 
as  indicated  in  figure  26.    This  aspect  was  not  pursued  further. 
B.      Satellite-Observed  Clouds  with  regard  to  the: 

1.    Surface 

Most  cloud  masses  were  associated  with  a  perturbation*  in  the 
pressure  field.    Sometimes  a  cloud  mass  affiliated  with  one 
perturbation  would  merge  with  the  cloud  mass  associated  with 
another.    However,  it  was  usually  possible  to  determine  the  cloud 
mass  associated  with  each  system  by  use  of  a  24 -hour  is^lloneph 
chart  (figure  5)  and/or  by  noting  the  narrowing  of,  or  break  areas  in, 
the  cloud  charts. code  5  and  greater.    These  charts  are  superimposed 

1  Perturbation  as  used  in  this  paper  includes  cyclones  and/or 
troughs  at  low  and/or  high  tropospheric  levels. 
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on  surface  and  250-mb  analyses  (Appendix  I).    The  breaks,  areas  of 
cloud  code  4  and  less,  varied  greatly  in  size  and  some  were  quite 
extensive.    Not  every  surface  perturbation  had  an/associated  cloud 
mass  (figures  26,  41,  44,  53).    This  situation  will  be  explained  by  use 
of  the  250-mb  analyses  as  detailed  in  a  subsequent  section. 

An  extensive  trough  oriented  north  to  south,  figures  12,  14,  26, 
50,  53,  56,  59,  63,  could  not  be  equated  to  the  classical  easterly 
wave  model  (6.chpt  9)  since  the  cloud  mass  was  not  found  to  be 
extended  meridionally  on  the  upwind  side  of  the  perturbation. 
Generally,  the  extensive  trough  resulted  from  a  frontally  induced  trough 
or  some  other  surface  pressure  disturbance  which  had  linked  up  with 
an  equatorial  easterly  wave  to  the  south. 

The  ITC  is  usually  drawn  on  operational  surface  charts  as  a  long 
unbroken  band  along  a  pressure  trough  (figure  6a) .    However,  by 
looking  at  figures  12,   14,  20,  23,  26,  32,  35,  38,  62,  it  was  evident 
that  the  cloud  mass  was  not  located  only  along  such  perturbations 
but  also  extended  into  regions  of  anticyclonic  flow  and  was  often 
discontinuous.    That  this  is  consistent  with  Palmer's  models  of 
convergence  and  divergence  regions  for  a  perturbation  superimposed 
on  a  convergent  or  non-divergent  basic  current  may  be  seen  in  (6> 
chpts  9,  10).    It  is  suggested  that  the  ITC  be  made  identical  with 
the  cloud  regions  of  code  5  and  greater  and  be  indicated  as  shaded 
zones  on  a  surface  or  low  level  chart  (figures  12,  14,   17,  20,  23,  etc). 
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In  the  author's  view,  this  analytical  definition  of  the  ITC  leads  to  a 
meaningful  and  objectively  locatable  phenomenon. 

With  reference  to  Palmer's  models,  an  outstanding  example  of 
observation  versus  theory  for  the  convergent  case  can  be  seen  by 
comparing  figure  7  and  figure  23  with  figure  8  (see  also  figures  26 
and  32).    The  non-divergent  case  of  Palmer  is  exemplified  in  the  area 
where  suppressed  convection  is  suggested  ahead  of  the  moving 
perturbation  and  a  rather  narrow  zone  of  convergence  to  its  rear 
(figures  12,   14,  20,   29,  35,   38,  50,  53,   56,  59). 

Generally,  a  cloud  mass  associated  with  a  perturbation  diminished 
in  size  and  the  pressures  in  the  trough  or  at  the  low  center  increased 
when  the  system  moved  rapidly  or  south  of  west  (Appendix  I  discussion 
for  15/OOZ,  16/00Z,  23/OOZ) .    In  several  pressure  systems  that  moved 
north  of  west  the  cloud  mass  contracted  slightly  in  size  but  became 
better  organized  about  the  perturbation  (Appendix  1  discussion  for 
18/00Z,   21/00Z,  22/00Z,   26/00Z,   27/00Z). 

A  possible  explanation  for  these  two  relationships  will  be  delayed 
until  the  250-mb  streamline  charts  are  discussed. 

2 .    Upper  Air 

At  250-mb  a  tropical  anticyclonic  vortex  and/or  lateral  velocity 
divergence,  with  or  without  a  divergent  asymptote,  was  found  to  be 
coincident  with  the  cloud  mass  for  the  most  part  (figures  11,   13,   16, 
19,  22,  25,  28,  31,  34,  49,  52,  55,  58),  as  suggested  by  Palmer 
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even  as  early  as  the  1950' s.    However,  not  every  divergent  asymptote 
had  a  cloud  mass  associated  with  it  although  these  areas  were  prone 
to  development  of  a  cloud  mass  on  subsequent  days,  e.g. ,  compare 
figures  19,  25,  28,  46,  49  to  those  for  the  following  day.    Neutral 
points  were  usually  found  near  the  edge  of  the  cloud  mass  (figures  11, 
13,   16,  22,  25,  28,   31,  40,  43,  46,  49,  52,  55,  58,   61)  while 
cyclonic  vortices  and  lateral  convergent  areas  were  generally  free  of 
a  cloud  mass  (figures  11,  13,  16,  22,  25,  31,  34,  40,  49,  52).    The 
area  near  and  at  the  subtropical  high  center  also  was  usually  void  of 
a  cloud  mass  (figures  34,  37,  40,  43,  46,  49)  except  in  figures  11, 
43,  55,  where  its  divergent  asymptote  was  associated  with  the  cloud 
mass. 

This  divergent  asymptote  usually  occurred  where  the  subtropical 
high  ridged  extensively  southward.    In  several  instances,  in  this 
area,  a  tropical  anticyclonic  eddy  broke  off  from  the  subtropical 
high  (figures  9,  13,  43,  and  46.    Appendix  1  discussions  for 
15/00Z  and  25/00z).      A  tropical    anticyclonic    vortex 
was  also  generated  several  times  in  an  area  ahead  of  a  progressive 
extended  trough  in  the  westerlies  where  some  lateral  divergence  of 
the  streamlines  was  in  evidence  (figures  9,  13,  16,  22,  25,  28, 
Appendix  I,  discussions  of  15/00Z,  18/00Z,  19/00Z).    Such  lateral 
divergence  generally  occurred  in  an  area  where  the  flow  was 
associated  with  a  tropical  anticyclonic  vortex  that  had  moved  from 
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the  Northern  to  the  Southern  Hemisphere  (figure  25) .    A  critical 
temperature  of  -39°C  or  warmer  was  noted  in  the  area  where  these 
tropical  anticyclonic  vortices  formed.    The  tropical  anticyclonic 
vortices  generally  travelled  toward  the  south  or  southeast  in  the 
western  portion  of  the  area  and  toward  the  east  or  east  northeast  in 
the  eastern  portion  of  the  area  (figure  9).    This  was  probably  due  to 
the  influence  of  the  Mid-Pacific  upper  tropospheric  trough  (figures  3a 
and  3  b) . 

Cyclonic  vortices  were  generated  several  times  at  the  southern 
tip  of  an  extended  trough  in  the  westerlies  which  had  penetrated 
southward  to  near  the  equator  (figures  34,  37,  43,  46,  49,  Appendix 
I,  discussions  for  22/00Z,  25/00Z,  26/00Z) .    These  vortices  were 
cold  core  phenomena  and  generally  travelled  between  west  and  north- 
east (figure  9).    In  most  cases  cloud  masses  were  not  associated  with 
them  (figures  13,   16,  19,  25,  37,  40,  46,  49,  52,  61). 

Also  at  250-mb  the  wind  direction  was  found  to  coincide  very 
well  with  cirrus  blowoff  (figures  11,  13,  16,   19,  22,  25,  31,  49)  (7). 

That  a  careful  research  analysis  which  utilized  cloud  photographs 
may  lead  to  a  more  detailed  version  of  tropical  weather  systems  may 
be  witnessed  by  comparing  figures  6a  and  6b, which  show  typical 
operational  analyses,  to  the  revised  analyses  (figures  44  and  25).    It 
should  be  made  clear  that  the  aim  here  is  to  suggest  the  additional 
meteorological  detail  inherently  gained  in  the  co-consideration  of  the 
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satellite  with  the  conventional  information.    This  study  was  not 
directed  toward  analyzing  deficiencies  in  operational  products  which 
(by  their  very  nature)  are  under  a  crucial  time  and  data  strain. 

3.    Surface  versus  Upper  Air 

The  bulk  of  a  cloud  mass  was  found  primarily  wherever  and  when- 
ever an  anticyclonic  vortex  or  its  divergent  asymptote  aloft  were 
superimposed  on  a  surface  pressure  perturbation  (figures  49  and  50, 
52  and  53). 

The  cloud  mass  appeared  to  expand  and  contract  in  direct 
relation  to  the  distance  between  the  surface  perturbation,  moving 
generally  westward,  and  the  tropical  anticyclonic  vortex  or  its 
divergent  asymptote,  propagating  east  to  southeastward  on  the 
average.    It  is  realized  that  these  geographical  movements  may  be 
peculiar  only  to  this  month  or  period  studied. 
C.     Satellite-Observed  Clouds  in  the  Realm  of  a  Time  Interval. 

There  has  always  been  some  question  about  the  variation  in  the 
cloud  mass  with  a  change  in  surface  pressure  in  a  time  interval.    To 
find  out  what,  if  any,  relationship  exists,  the  24 -hour    isalloneph 
charts  were  superimposed  on  the  24-hour    igallobaric  charts  (figures 
15,   18,  21,  etc.).  Note  that,  in  general,  the  cloud  masses  increase/ 
decrease  in  areas  of  relative  decrease/increase  of  pressure. 

When  the  24 -hour  cloud-change- chart  was  used  in  conjunction 
with  the  cloud-code-5-and-greater-chart  for  the  time  at  the  beginning 
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of  the  period  it  was  possible  to  account  for  most  of  the  significant 
cloud  changes  that  had  occurred.    It  was  found  by  repeated  use  of 
this  procedure  (Appendix  I)  that  the  changes  were  due  to  the  cloud 
mass  found  at  the  earlier  time  period  translating  and/or  expanding  or 
shrinking.     Rather     infrequently  the  changes  were  caused  by  a 
development  of  the  cloud  mass, in  situs/ (which  could  be  detected 
because  of  the  minimized  diurnal  effects)  in  the  24 -hour  time  interval 
involved  (Appendix  I  discussion  for  16/00Z  and  others).    In  a  few 
instances  the  changes  resulted  from  a  cloud  mass  that  had  moved 
and/or  expanded  northward  across  the  equator  (Appendix  I  discussion 
for  19/00Z,  20/OOZ,  21/00Z  and  others). 

Once  the  cloud  changes  were  accounted  for  and  the  proper  cloud 
mass  and  associated  perturbation  relationship  established,then  the 
cloud  mass  speed  and  direction  were*  obtained  by  overlaying  the  cloud- 
code  5  and  greater  chart    for  one  day  on  top  of  the  same  type  chart 
for  the  following  day.    An  example  of  this  can  be  seen  by  noting  that 
the  same  cloud  mass  in  blocks  s  and  w  at  15/00Z  had  moved  into  blocks 
o  and  s  by  16/00Z  (figure  10). 

The  cloud  mass  generally  moved  with  the  speed  and  in  the 
direction  of  the  perturbation  connected  with  it  but  there  were  notable 
exceptions  (Appendix  I,  discussion  for  14/00Z  and  others).    Examples 
of  forecasts  based  solely  on  extrapolated  cloud  mass  velocities  are 
discussed  in  Appendix  I.    Such  forecasts  can  be  compared  to  those 
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using  conventional  data  (taken  from  time  section  analysis).    Such  a 
comparison  takes  on  significance  from  the  standpoint  of  single- 
station  forecasting  in  silent  areas  where  only  locally  observed 
quantities  are  used.    Radiosonde  and  APT  satellite  data  both  fall  into 
this  category. 

It  was  tried,  but  without  a  great  deal  of  success,  to  isolate  areas 
that  had  consistent  increases  (sources)  or  decreases  (sinks)  of  cloud 
mass  due  to  development. 
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APPENDIX  I.     Discussion  of  the  Daily  Maps 

This  section  is  devoted  to  summarizing  the  highlights  of  the  low 
and  high  level  synoptic  situations  on  the  days  comprising  the  study. 
It  is  hoped  that  the  following  exposition  will  be  helpful  when  adapting 
the  map  series  to  exercises  in  the  synoptic  laboratory  at  the  U.S. 
Naval  Postgraduate  School.    Also  "practice"  cloud  and  precipitation 
forecasts  were  made  each  day  for  the  ensuing  24 -hour  period  for 
selected  stations  based  solely  on  the  extrapolated  cloud  mass  velocity. 
Sample  forecasts  are  outlined  for  most  days. 
OQZ  13  May  1966  (figures  11,   12) 

This  is  the  base  day  of  the  study.    The  initial  charts  used  in 
this  study  were  analyzed  using  a  history  buildup  that  began  with  maps 
on  the  12th.    Due  to  this  fact  and  the  rapidly  changing  synoptic 
situation  on  the  14th,  it  became  more  logical  to  begin  the  discussions 
with  the  14th. 

OQZ  14  May  1966  (figures  13,   14,   15) 

UPPER  AIR 

A  look  at  figure  13  quickly  confirms  the  "restlessness"  that  Riehl 
attributed  to  the  tropical  upper  troposphere  many  years  ago. 
Progressive  troughs  and  ridges,  cyclonic  and  anticyclonic  vortices, 
convergent  and  divergent  flow  patterns  are  all  found  there. 

A  subtropical  ridge  line  extends  from  15N  130E  eastward  to  137E, 
thence  northeastward  out  of  the  area.    A  Mid-Pacific  upper  tropospheric 
trough  is  evident  in  the  extreme  eastern  portion  of  the  area.    A  tropical 
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anticyclonic  vortex  is  located  at  4.5N  157E.    It  has  been  moving 
northeastward  to  its  present  position.    A  tropical  anticyclonic  vortex 
and  its  divergent  asymptote  are  intimately  associated  with  a 
significant  cloud  mass  while  a  convergent  asymptote  appears  relatively 
cloud  free. 

The  cyclonic  vortex  at  1.5N  130. 5E  at  13/00Z  has  moved  north- 
eastward to  7.5N  136. 5E  at  14/00Z.    In  an  unusual  case  the  cyclonic 
vortex,  with  laterally  convergent  flow,  appears  related  to  the  cloud 
mass  in  blocks  a,  b  and  e  (see  discussion  on  the  24-hour  isallobaric/ 
isalloneph  chart  for  14/00Z  -  13/OOZ). 
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SURFACE 

The  Intertropical  Convergence  Zone  is  north  of  its  climatological 
mean  position  (see  figure  2).    Easterly  flow  with  wavelike  structure 
dominates  the  area.    The  low  center  at  4N  14 8E  has  moved  due  west 
at  5.0  kt  for  the  past  24  hours.    The  large  cloud  mass  associated 
with  it  at  13/00Z  is  in  the  process  of  contracting  but  shows  more 
banded  organization  about  the  center  now.    This  change  in  cloud 
organization  correlates  well  with  the  lower  pressure  found  in  the  low 
center  at  14/OOZ.     Progressive  ridge  lines  are  located  from  20N  145E 
and  from  20N  165E  south  southwestward  to  the 

equator.    A  trough  in  the  easterlies  extends  from  UN  153E  northeast- 
ward out  of  the  area.    It  is  difficult  to  establish  continuity  with  the 
easterly  trough  on  the  13/00Z  chart.    The  troughs  at  both  13/00Z 
and  14/OOZ  resemble  Palmer's  wavelike  perturbations.     Both  are 
associated  with  an  extensive  cloud  mass  and  are  superimposed  on  the 
equatorial  trough.    It  is  very  tempting  to  equate  both  the  13/00Z  and 
14/OOZ  meridionally  oriented  troughs  to  the  classical  easterly  wave 
model  of  Riehl,  however,  the  distribution  of  the  cloud  mass  (Table  2, 
type  1)  about  the  trough  is  in  disagreement. 

24-Hour  ISALLOBARIC/ISALLONEPH  CHART  FOR  14/OOZ  -  13/OOZ 

Typhoon  Irma,  at  13/OOZ  was  located  at  UN  132„5E  and  segments 
of  her  main  cloud  band  appeared  in  blocks  b  and  c  at  that  time.    At 
14/OOZ  she  was  downgraded  to  a  tropical  storm  (a  somewhat  surprising 
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TABLE  II 
CLOUD  TYPE  MEANING 

1  A  mass  of  convectively  produced  clouds 

associated  with  a  low  level  perturbation 
except  those  associated  with  3. 

2  Clouds  associcated  with  the  cold  lows, 

troughs  or  shear  lines  at  upper 
tropospheric  levels. 

3  Frontal  or  frontally  induced  clouds. 

4  Indeterminate  ,  but  thought  to  be  clouds 

related  to  cold  lows,  troughs  or  shear 
lines  at  mid-tropospheric  levels. 
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development  in  view  of  Irma's  geographical  location  and  cloud  system 
as  seen  in  the  APT  cloud  pictures  at  13/00Z)  located  at  9.5N  129. 5E. 
Therefore,  she  had  moved  west  southwestward  in  agreement  with  the 
flow  at  250  mb.    At  14/00Z  portions  of  her  main  cloud  band  are  located 
in  blocks  a,  b  and  e.    It  is  interesting  to  note  that  a  250-mb  cyclonic 
vortex  had  moved  over  Irma's  main  band  during  the  period  13/00Z  to 
14/00Z  which  resulted  in  an  unfavorable  outflow  pattern  and  led  to 
Irma's  weakening. 

Other  cloud  changes  in  blocks  f,  i,  j,  southern  k,  m,  n,  southern 
0/  Q/  r,  u,  v  and  w  were  due  to  the  moving  surface  perturbation  at 
4N  14 9E.    The  changes  elsewhere  were  due  to  type  2,  3  and  4  effects. 

In  figure  15,    82  per  cent  of  the  cloud  increase  areas  are  found 
within  the  region  enclosed  by  the  less  than  or  equal  to  -0.5-mb 
isallobar  and  64  per  cent  of  the  cloud  decrease  areas  are  located 
outside  the  regions  enclosed  by  the  less  than  or  equal  to  -0.5-mb 
isallobar. 

Note  the  cloud  mass  over  Truk  at  13/OOZ  and  14/OOZ  (figures  12 

and  14).    Truk  received  0.88  inches  of  rain  during  this  period. 

A  Forecast  of  Clouds  and  Rainfall  at  Guam  for  the  Period 

14/00Z  to  15/00Z 

The  major  (type  1)  cloud  mass  to  the  east  of  Guam  has  moved 

west  northwest  at  approximately  nine  knots  during  the  past  24  hours, 

while  the  low  associated  with  it  has  moved  at  only  five  knots.    Since 

the  leading  edge  of  the  cloud  mass  was  about  240  nm  east  southeast 
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of  Guam  no  shower  activity  should  be  expected  during  the  forecast 
period.    The  reader  should  compare  the  above  outlook  to  that  which 
would  be  obtained  from  conventional  observations  and  analyses  used 
in  a  single  station  silent  area  approach.    This  information,  given 
below,  is  condensed  from  the  vertical  cross  section  for  Guam  in 
Appendix  II. 

TABLE 

Parameter  24-Hour  Changes  (14/00Z  -  13/00Z) 

Sea  level  pressure  fell  0.4  mb 

temperature  decreases  at  all  levels  above  5000  feet 

isobaric  heights  decreases  at  all  levels  becoming  more 

pronounced  toward  the  tropopause 

winds  easterlies  veered  with  time  at  most  levels 

moisture  decreases  at  all  levels 

VERIFICATION 

Good;  one  light  shower  occurred  between  14/1213  to  1217Z 

totaling  0.02  inches  (Appendix  III). 

A  Forecast  of  Clouds  and  Rainfall  at  Truk  for  the  Period 
14/00Z  to  15/00Z 

Truk  is  75  nm  west  northwest  of  a  120  nm  break  area  in  the  cloud 

mass  which  has  moved  at  nine  knots  toward  the  west  northwest  for 

the  past  24  hours.    At  the  eastern  edge  of  the  break  area  is  a  20  nm 

wide  cloud  mass  followed  by  another  large  break  area.    Therefore, 

shower  activity  should  be  expected  to  end  shortly  after  14/08Z  followed 
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by  fair  weather     for  at  least  the  next  13  hours. 

TABLE 


Parameter 

pressure 

temperature 

isobaric  heights 

winds 
moisture 


24-Hour  changes  (14/00Z  -  13/00Z) 

rose  0.3  mb 

slight  decreases  at  most  levels  except 
slight  increases  near  the  tropopause  and 
surface 

slight  decreases  except  increases  from 
300  mb  to  the  tropopause  and  near  the 
surface 

easterlies  unchanged 

slight  decrease  around  18,000  feet  and 
slight  increases  elsewhere 

VERIFICATION 


Good;  shower  activity  totaling    0.05  inches  terminated  at 
approximately  14/09Z  (Appendix  III) . 
00Z  15  May  1966  (figures  16,   17,  18) 

For  this  and  subsequent  time  periods  only  the  more  significant 
comments  will  be  included.  They  will  usually  relate  to  noteworthy 
changes  in  the  flow  pattern  from  a  previous  analysis  time. 

UPPER  AIR 

The  tropical  anticyclonic  vortex  at  11. 5N  133E  originated  as 
an  eddy,  at  16N  129. 5E  at  14/00Z  (figures  9  and  13),  that  broke  away 
from  the  subtropical  high  centered  far  to  the  northwest  of  the 
generation  area.    The  cyclonic  vortex  at  11. 5N  HOE  is  nearly  free 
of  clouds  and  is  east  of  the  cloud  band  in  blocks  a,  b,  and  c  that 
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are  associcated  with  Irma.    Irma  has  now  regained  Typhoon  intensity 
and  is  located  at  10. 5N  127. 5E. 

The  tropical  anticyclonic  vortex  at  3.5N  150E  developed  in  the 
past  12  hours  in  a  laterally  divergent  flow  area  to  the  southeast  of 
an  extended  trough  that  passed  through  Guam  shortly  after  14/00Z 
(see  Guam's  time  section  around  14/00Z  (Appendix  II).    Cloud  types 
2,  3  and  4  at  14/00Z  helped  confirm  the  existence  and  location  of 
this  weak  trough.    Either  due  to  dissipation  or  superposition  effects 
this  trough  is  not  visible  at  15/00Z.    Note  the  relatively  high 
temperature  (-40C)  and  isobaric  height  (11,030  meters)  at  Truk 
northeast  of  the  forming  tropical  anticyclonic  vortex  at  1 5 /00Z? •■(Appendix  II \ 

SURFACE 

Note  the  cloud  mass  in  blocks  s  and  w  (figure  17)  which  will 
become  significant  by  16/00Z.    The  low  located  at  6N  163. 5E 
associated  with  this  cloud  mass  has  just  moved  into  the  eastern 
portion  of  the  area. 

24-HOUR  ISALLOBARIC/ISALLONEPH  CHART  FOR  15/00Z  -  14/00Z 

The  central  part  of  the  chart  is  marked  by  a  large  area  of 
decreasing  cloud  cover.    This  possibly  reflects  the  rapid  movement 
of  the  tropical  anticyclonic  vortex  at  4.5N  157E  at  14/00Z  to  the 
east  northeast  during  the  period  14/00Z  to  15/00Z.    Also,  the  low 
on  the  surface  at  6N  163.  5E  at  15/00Z  appears  to  be  moving  rapidly 
westward.    The  juxtaposition  of  the  upper  and  low  level  systems 
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accounts  for  the  large  cloud  increases  in  the  eastern  part  of  the 

area  studied. 

A  Forecast  of  Clouds  and  Rainfall  at  Woleai  for  the  Period 

15/00Z  to  16/00Z 

Woleai  is  covered  by  a  cloud  mass  which  has  been  moving  west- 
ward at  about  five  knots  which  is  also  the  speed  of  the  low  at  4N  14 6E 
A  60  nm  break  in  the  cloud  mass  is  evident  just  to  the  east  of  the 
station  followed  by  an  extensive  cloud  mass.    Therefore,  little  or  no 
precipitation  was  predicted  for  the  period  15/00Z  to  15/12Z  followed 
by  more  general  shower  activityfroml5/l2Z  until  the  end  of  the  period. 

VERIFICATION 

Excellent;  0.02  inches  of  rain  fell  between  15/00Z  and  15/06Z 
and  0.54  inches  between  15/12Z  and  16/00Z. 
00Z  16  May  1966  (figures  19,  20,  21) 

SURFACE 

The  low  at  6N  163.  5E  at  15/00Z  has  moved  rapidly  west  south- 
westward  to  4.5N  154E  at  16/00Z.  The  cloud  mass  associated  with 
this  low  has  decreased  markedly  in  size  and  organization  during  the 
period  15/00Z  to  16/00Z.  The  perturbation  at  4N  14  6E  at  15/00Z 
increased  its  forward  speed  and  is  now  located  at  3.5N  14 IE.  The 
cloud  mass  associated  with  this  low  has  also  decreased  in  size  and 
organization  during  the  period. 
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24-HOUR  ISALLOBARIC/ISALLONEPH  CHART  FOR  16/00Z  -  15/00Z 
The  large  cloud  decrease  and  increase  areas  again  reflect,  in 

general,  the  same  upper  and  low  level  system  relationship  as  discussed 

in  15/00Z. 

The  areas  of  increase  in  blocks  r  and  western  v  appear  due  to 

development  in  situ. 

A  Forecast  of  Clouds  and  Rainfall  at  Guam  for  the  Period 

16/00Z  to  16/00Z 

The  cloud  mass  noted  at  15/00Z  has  moved  west  northwest  at 
17.5  kt  into  blocks  o  and  s  by  16/00Z.    Since  the  leading  edge  of 
the  cloud  mass  is  360  nm  east  southeast  of  Guam  at  16/00Z  it  is 
predicted  to  move  over  the  station  attended  by  shower  activity 
around  16/21Z  and  remain  at  least  until  the  end  of  the  period. 

TABLE 

Parameter  24-Hour  Changes  (16/00Z  -  15/00Z) 

pressure  fell  0.3  mb 

temperature  •  decreases  at  all  levels  excpet  increases 

around  400  mb  and  near  the  tropopause 

isobaric  heights  decreases  at  all  levels 

winds  little  change 

moisture  slight  decrease  above  6000  feet 

VERIFICATION 

Excellent;  shower  activity  began  at  16/2030Z  and  lasted  for 

several  hours.    Rainfall  totaled  0.34  inches. 
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OOZ  17  MAY  1966  (figures  22,   23,  24) 

SURFACE 

The  major  cloud  mass  which  covers  a  large  part  of  the  area 
under  study  compares  favorably  with  Palmer's  convergent  model  (6;  chpt  9) 

24-HOUR  ISALLOBARIC/ISALLONEPH  CHART  FOR  17/00Z  -  16/00Z 

The  area  of  large  cloud  increase  appears  to  be  related  more  to 
increased  lateral  divergence  aloft  than  to  24-hour  sea  level  pressure 
falls  in  the  interval  16-17  May  in  blocks  e,  f,  i,  j,  k,  western  o,  and 
western  n,  while  the  latter  effect  seems  dominant  in  blocks  eastern  n 
and  o,  r,  s,  and  v. 

The  isalloneph  chart  was  used  in  combination  with  an  area  of 

cloud  breaks  in  block  e,  and  a  truncation  of  the  cloud  mass  in 

eastern  n  (as  seen  in  figure  23)  to  associate  the  cloud  masses  with 

surface  perturbations.    In  particular,  the  cloud  mass  in  blocks  a  and 

western  |e  is  associated  with  the  surface  perturbation  at  1.5N  135. 5E. 

The  remainder  of  the  cloud  mass  is  associated  with  the  low  at  1.5N 

146. 5E  except  that  in  blocks  q,  r,  eastern  n,  u  and  v  the  clouds  are 

affiliated  with  the  trough  located  near  the  center  of  blocks  q  and  r. 

A  Forecast  of  Clouds  and  Rainfall  at  Guam  for  the  Period 

17/00Z  to  18/00Z 

The  cloud  mass  that  is  over  the  station  is  moving  west  northwest 

at  17.5  kt  and  should  not  cause  any  more  precipitation  at  the  station 

in  the  next    24  hours. 
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The  leading  edge  of  an  advancing  cloud  mass  is  310  nm  southeast 
of  the  station.    It  is  moving  north  northwest  at  5  kt  and  therefore 
should  not  reach  the  station  during  the  forecast  period. 

TABLE 

Parameter  24- Hour  Changes  (17/00Z  -  16/00Z) 

pressure  increased  0.3  mB 

temperature  decreases  near  300  mb  and  the  tropopause; 

increases  at  other  levels 

isobaric  heights  slight  increases  or  no  change  at  all  levels 

winds  easterlies  veered  above  5000  feet  and 

backed  below 

moisture  increased  slightly,  except  fell  near  850  mb 

VERIFICATION 

Excellent;  no  precipitation  occurred  at  the  station. 
00Z  18  MAY  1966  (figures  25,  26,  27) 

UPPER  AIR 

The  tropical  anticyclonic    .  vortex  southwest  of  Ponape  (-39C)  has 
just  developed.    Some  of  the  conditions  that  were  associated  with  the 
generation  of  this  vortex  were  indicated  at  17/00Z  by  the  lateral 
divergence  in  the  streamline  flow  and  the  warm  temperature  at  Truk 
(Appendix  II).    Also,  warm  air  was  being  advected  northward  east  of 
the  vortex  at  15.  5N  144.  5E  which  helped  to  build  the  ridge  oriented 
northwest  to  southeast  from  25N  152E  to  the  tropical  anticyclonic 
vortex  at  18/00Z. 
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SURFACE 

The  low  center  at  5N  139. 5E  has  moved  northwest  for  the  past 
24  hours.    The  central  pressure  of  this  low  has  decreased  while  the 
cloud  mass  associated  with  it  has  increased  in  organization  and 
decreased  in  size. 

The  cloud  line  located  just  south  of  Eniwetok  at  17/00Z  is  over 
the  station  at  18/00Z.    It  appears  to  be  the  line  of  demarcation 
between  the  disturbed  weather  area  to  the  south  and  the  stable  trade 
wind  area  to  the  north. 

The  perturbation  just  east  of  150E  has  very  few  clouds  associated 
with  it  and  is  doubtless  of  little  significance. 

24-HOUR  ISALLOBARIC/ISALLONEPH  CHART  FOR  18/00Z  -  17/00Z 

Once  again  the  cloud  change  increases  in  blocks  u,  v,  r,  s 

and  q  definitely  appear  more  intrinisically  associated  with  the 

increased  lateral  divergence  in  those  areas  than  with  the  24-hour 

isallobaric  changes. 

A  Forecast  of  Clouds  and  Rainfall  at  Yap  for  the  Period 

18/00Z  to  19/00Z 

The  leading  edge  of  an  extensive  cloud  mass  110  nm  east  of  Yap 
is  moving  westward  at  11  kt.    Shower  activity  is  predicted  for  the 
period  18/10Z  until  the  end  of  the  period. 

VERIFICATION 

Fair  to  good,  shower  activity  commenced  as  early  as  18/03Z 
but  1.10  inches  of  the  total  1,.  16  inches  fell  after  18/08Z. 
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QOZ  19  MAY  1966  (figures  28,  29,  30) 

UPPER  AIR 

The  tropical  anticyclonic  vortex  at  7.5N  142.5E  was  generated 
close  to  19/00Z  in  a  manner  similar  to  that  discussed  at  18/00Z. 
Note  the  advancing  trough  west  of  blocks  c  and  d  at  18/00Z  (figure  25). 
Also  Yap  has  a  temperature  of  -39C  and  Guam  -37C  (Appendix  III). 
Note  that  blocks  j  and  n  should  come  under  increasing  lateral  divergent 
flow  if  the  tropical  anticyclonic  vortex  moves  in  a  southeast  direction 
normal  for  this  section  of  the  experiment  area  (figure  9) . 

SURFACE 

The  cloud  mass  associated  with  the  low  located  at  7.5N  137E 
has  become  more  organized  about  the  low  center.    The  central  pressure 
has  dropped  another  0.5  mb  in  the  interval  18/00Z  to  19/00Z. 

24-HOUR  ISALLOEARIC/ISALLONEPH  CHART  FOR  19/00Z  -  18/00Z 

There  are  extensive  cloud  decreases,  especially  in  blocks  s,  r 
and  v.    Since  they  occur  where  24-hour  sea  level  pressures  fell 
around  2.0  mb,  the  cloud  decreases  appear  to  be  due  to  the  250-mb 
tropical  anticyclonic  vortex  at  6.5N  157E  at  18/00Z  moving  south- 
eastward to  2N  163E  by  19/00Z  and  resulting  in  non-divergent  flow 
moving  into  the  blocks  mentioned  above. 

Areas  of  cloud  increase  in  southern  block  e  are  due  to  cross - 
equator  movement  of  a  cloud  mass. 
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OOZ  20  MAY  1966  (figures  31,  32,  33) 

SURFACE 

Only  minor  perturbations  are  found  in  the  blocks  where  cloud 
increases  have  taken  place  in  the  past  24  hours. 

The  central  pressure  of  the  low  located  at  ION  135. 5E  has 
increased  about  1.0  mb  in  the  past  24  hours.    The  cloud  mass 
associated  with  it  has  reduced  in  size  but  increased  in  organization. 
The  system  has  evidently  broken  away  from  the  ITC  region  and  is 
travelling  independently. 

24-HOUR  ISALLOBARIC/ISALLONEPH  CHART  FOR  20/OOZ  -  19/00Z 

The  large  cloud  increase  areas  in  blocks  j,  i,  n,  m,  q,  r,  u 
and  v  definitely  are  associated  with  the  increased  250,_!mb  lateral 
divergence  in  those  areas  since  19/00Z.    This  flow  resulted  from 
the  tropical  anticyclonic  vortex  at  7.5N  152.  5E  at  18/00Z  moving 
southeastward  to  3.5N  147E.    Note  the  poor  correlation  between 
pressure  decrease/increase  and  cloud  increase/decrease  in  blocks 
n,  r,  m,  and  q  at  this  time. 

The  positive  isalloneph  area  in  block  a  is  due  to  cross-equator 

movement  of  a  cloud  mass. 

A  Forecast  of  Clouds  and  Rainfall  at  Truk  for  the  Period 

20/00Z  to  21/00Z 

Truk  is  on  the  leading  edge  of  an  extensive  cloud  mass  which  is 

moving  toward  the  west  at  10  knots  (the  perturbation  at  5N  150E, 
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associated  with  the  cloud  mass,,  is  progressing  westward  at  17  knots). 
Since  the  horizontal  east  to  west  dimension  of  the  cloud  mass  is  very- 
large,  shower  activity  was  predicted  for  the  whole  period. 

TABLE 

Parameter  24-Hour  Changes  (20/00Z  -  19/00Z) 

pressure  increased  0.3  mb 

temperature  increase  near  6,000  and  30,000  feet  and 

little  change  or  slight  falls  elsewhere 

isobaric  heights  increases,  with  a  small  maximum  at  34,000 

feet  except  decreases  below  23,000  feet 

moisture  increased  at  all  levels  except  near  the 

surface 

winds  insignificant  changes 

VERIFICATION 

Excellent,  shower  activity  prevailed  throughout  most  of  the  period. 
Rainfall  totaled  1.31  inches. 
00Z  21  MAY  1966  (figures  34,   35,  36) 

UPPER  AIR 

A  strong  subtropical  ridge  has  pushed  into  the  northwestern 
portion  of  the  area  while  a  trough  has  moved  into  the  central  and 
northeastern  sectors. 

The  combination  of  the  two  systems  apparently  caused  the  rather 
erratic  24-hour  movement  of  the  tropical  anticyclonic  vortex  now  at 
2N  145E. 
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SURFACE 
The  low  at  ION  135. 5E  at  20/00Z  is  located  80  nm  west  of  block  c. 
The  cloud  masses  in  blocks  northern  b,  c,  d,  g,  southwestern  h  and  k 
appear  to  be  organizing  into  bands  leading  into  this  low.    The  central 
pressure  has  dropped  at  least  1.0  mb  in  the  past  24  hours.    This  low 
which  subsequently  obtained  tropical  depression  characteristics  was 
not  carried  on  an  operational  surface  chart  at  21/00Z.    Later  operational 
surface  charts  and  APT  photographs  show  it  merging  with  a  stationary- 
front  far  to  the  northwest  of  the  area  at  23/00Z. 

24-HOUR  ISALLOBARIC/ISALLONEPH  CHART  FOR  21/00Z  -  20/00Z 
The  increases  of  cloud  in  southern  block  e  are  due  to  a  cloud 
mass  movement  north  of  the  equator  in  the  past  24  hours. 

Forecast  for  Clouds  and  Rainfall  at  Truk  for  the  Period 

21/00Z  to  22/00Z 

The  24 -hour  isalloneph/isallobaric  chart  aids  in  determining  that 
the  cloud  mass  east  of  156E  is  associated  with  the  trough  oriented 
north/south  along  163E  at  20/00Z.    This  cloud  mass  has  moved  west 
northwest  at  7.5  knots.    Since  it  is  250  nm  east  southeast  of  Truk  no 
shower  activity  was  predicted  for  the  period  21/00Z  to  22/00Z. 

TABLE 

Parameter  24-Hour  Changes  (21/00Z  -  20/00Z) 

pressure  increased  0.3  mb 

temperature  increases  near  the  tropopause  with  little 

changes  or  slight  falls  elsewhere 
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isobaric  heights  decreases  at  all  levels  with  a  40-meter 

change  from  35,000  to  50,000  feet 

winds  easterlies  veered  above  5,000  feet  and 

backed  below 

moisture  little  change 

VERIFICATION 

Excellent;  no  rainfall  occurred  at  the  station  during  the  period. 
00Z  22  MAY  1966  (figures  37,   38,  39) 

UPPER  AIR 

The  cyclonic  vortex  at  7.5N  150. 5E  was  generated  at  the  southern 
end  of  the  trough  mentioned  at  21/00Z  (See  Truk's  cross  section  for 
thermal  characteristics).    The  vortex  at  2.  ON  133.5  was  generated 
at  21/00Z  in  the  same  manner  as  above.    The  cloud  mass  in  the  blocks 
traversed  by  this  latter  vortex  decreased  considerably  in  size  during 
the  period  21/OOZ  to  22/00Z. 

SURFACE 

The  low,  dubiously  located  at  2.5N  144E  at  21/OOZ,  is  now  at 
6. ON  148E.    Once  again  the  cloud  mass  has  decreased  slightly  in 
size  but  increased  in  organization  while  the  central  pressure  of  the 
low  has  fallen  in  the  past  24  hours. 

24-HOUR  I SALLOEARIC /IS ALLONEPH  CHART  FOR  22/00Z  -  21/OOZ 

Cloud  increases  in  block  m  are  due  to  cross -equator  movement 
of  a  cloud  mass  during  the  period  21/OOZ  to  22/00Z. 
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OOZ  23  MAY  1966  (figures  40,  41,  42) 

24-HOUR  ISALLOBARIC/TSALLONEPH  CHART  FOR  23/00Z  -  22/00Z 

AND  SURFACE  CHART 

A  large  portion  of  the  experiment  area  shows  cloud  decreases 
which  coincide  very  well  with  the  increased  cyclonic  flow  at  250-mb 
during  the  period  22/OOZ  to  23/OOZ. 

The  slow  moving  low  at  4.5N  16 IE  at  21/00Z  accelerated  to  the 

west  southwest  and  is  located  at  4N  157. 5E  at  23/OOZ.    The  cloud 

mass  associated  with  this  low  has  decreased  north  of  the  center.    A 

perturbation  has  developed  west  of  this  low  center.    The  cloud  mass 

assoicated  with  it  is  found  from  the  24 -hour  isalloneph/isallobaric 

chart  and  cloud  break  area  to  be  in  blocks  i,  m  and  n. 

Forecast  of  Clouds  and  Rainfall  at  Guam  for  the  Period 

23/OOZ  to  24/00Z 

The  cloud  mass  90  nm  south  of  Guam  is  moving  northward  at  5.2 
kt.    Since  its  latitudinal  dimension  is  120  nm,  shower  activity  was 
predicted  to  begin  at  23/18Z  and  continue  to  the  end  of  the  period. 

TABLE 

Parameter  24-Hour  Changes  (22/OOZ  -  21 /00Z) 

pressure  increased  0.2  mb 

temperature  strong  increases  at  45,000  feet  and 

decreases  near  the  tropopause.     small 
changes  elsewhere 

isobaric  heights  decreases  becoming  more  pronounced 

toward  the  tropopause 
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moisture  little  change 

winds  easterlies  backed  slightly  at  all  levels 

VERIFICATION 

Good;  several  showers  occurred  prior  to  23/20Z  while  0.20  inches 
of  the  total  0.23  inches  fell  after  this  time. 
00Z  24  MAY  1966  (figures  43,  44,  45) 

UPPER  AIR 

The  cyclonic  vortex  at  10. 5 N  132E  has  moved  quite  rapidly  west 
northwest.     By  looking  at  figure  9  it  is  seen  that  this  vortex  moves 
to  the  southeast  of  Manila  by  25/00Z.    It  is  believed  that  this  vortex 
transformed  into  a  warm  core  low  that  helped  to  generate  Typhoon  Judy. 
Judy  reached  tropical  storm  strength  in  the  interval  25/00Z  to  26/00Z. 

The  subtropical  high  at  17N  154E  has  ridged  southwestward  to 
the  equator. 

24-HOUR  ISALLOBARIC/ISALLONEPH  CHART  FOR  24/00Z  -  23/00Z 

The  cloud  increases  in  blocks  a  and  b  correlate  very  well  with  the 

decrease  in  pressure  in  that  area  due  to  the  cloudless  low  at  23/00Z 

at  6N  14 0E  moving  to  6N  136E.    Note  that  the  cloudless  low  at  23/00Z 

could  possibly  have  developed  from  the  downward  penetration  of 

positive  vorticity  from  the  250-mb  cyclonic  vortex  at  5.5N  141,5E 

at  23/00Z  moving  to  10.  5N  132.  5E  at  24/00Z. 

A  Forecast  of  Clouds  and  Rainfall  at  Truk  for  the  Period 

24/00Z  to  25/00Z 
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A  cloud  mass,  120  nm  wide  (east  to  west)  located  70  nm  east  of 
Truk,  developed  in  situ  during  the  period  23/00Z  to  24/00Z.    Note  the 
lateral  divergent  flow  east  of  Truk  at  23/00Z  at  250  mb.    The  velocity 
of  the  downstream  trough  is  westward  at  15  knots  and  is  used  to 
estimate  the  velocity  of  the  cloud  mass.    Therefore,  shower  activity 
is  forecast  from  24/06Z  to  24/14Z. 

TABLE 

Parameter  24-Hour  Changes  (24/00Z  -  23/00Z) 

pressure  no  change 

temperature  little  change  except  slight  increases 

near  the  tropopause 

isobaric  height  slight  increases  except  larger  increases 

near  the  tropopause 

winds  light  easterlies  backed  slightly 

moisture  slight  decreases  except  increases  near 

the  surface 

VERIFICATION 

Good;  0.47  inches  of  the  total  of  0.48  inches  of  rainfall  fell 

around  24/1 0Z. 

00Z  25  MAY  1966  (figures  46,  47,  48) 

UPPER  AIR 

The  tropical  anticyclonic  vortex  at  7N  152.  5E  first  appeared 

at  24/1 2Z  (figure  9)  as  the  result  of  an  eddy  breaking  away  from  the 

subtropical  high  which  had  ridged  equatorward  as  noted  in  the 

discussion  at  24/00Z. 
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A  cyclonic  vortex  east  of  Truk  formed  close  to  3N  156E  at  24/12Z 
at  the  western  end  of  a  nearly  zonally  oriented  trough.    Evidence  of 
this  trough  is  still  noticeable  at  25/00Z  southeast  of  Eniwetok. 

The  subtropical  high  at  18N  156. 5E  has  been  the  dominating 
feature  north  of  15N  for  the  past  several  days  and  a  quick  glance  at 
figures  37,  40  and  43  confirmethat  it  is  generally  free  of  a  type  1 
cloud  mass. 

In  general,  the  systems  are  weak  and  moving  rapidly  westward. 
00Z  26  MAY  1966  (figures  49,  50,  51) 

UPPER  AIR 

The  cyclonic  vortex  at  9.5N  15  7. 5E  formed  near  7.5N  162E  at 
about  25/12Z.    It  was  generated  from  the  western  end  of  the  zonally 
oriented  trough  in  that  area  and  mentioned  at  25/00Z. 

24-HOUR  ISALLOBARIC/ISALLONEPH  CHART  FOR  26/00Z  -  25/00Z 

Increases  in  cloud  cover  in  blocks  n,  m,  r  and  q  appear  to  be 
aided  by  the  increased  lateral  divergent  flow  at  250  mb  in  those 
regions  during  the  period  25/00Z  to  26/00Z.    This  flow  was  associated 
with  the  tropical  anticyclonic    vortex  that  developed  on  25/00Z  and 
moved  southeastward  to  4.5N  14  6.  5E  at  26/00Z. 

SURFACE 

A  low  center  at  3N  15  3E  developed  during  the  period  from  25/00Z 
to  26/00Z  out  of  the  trough  located  in  blocks  q  and  r  at  25/00Z.    This 
low  now  has  increasing  cloud  amounts  and  organization  associated 
with  it. 
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Forecast  of  Clouds  and  Rainfall  at  Woleai  for  the  Period 

(26/00Z  to  27/00Z) 

The  western  edge  of  an  extensive  cloud  mass  is  located  330  nm 
east  southeast  of  Woleai.    This  large  cloud  mass  is  the  expanded 
form  of  the  cloud  mass  that  was  in  blocks  q,  r  and  v  at  25/00Z.    Thus 
the  cloud  mass  has  moved  with  an  apparent  velocity  of  at  least  six 
degrees  of  latitude  per  day  toward  the  west  northwest.    This  movement 
places  the  cloud  mass  over  Woleai  a  few  hours  prior  to  27/00Z. 

VERIFICATION 

Fair  to  good.     0.32  inches  of  the  total  0.38  inches  of  precipitation 
that  fell  during  the  period  occurred  late  in  the  period. 
00Z  27  MAY  1966  (figure  52,  53,  54) 

UPPER  AIR  AND  SURFACE 

At  26/00Z  a  low  at  3N  153E  and  its  associated  cloud  mass  were 
located  under  the  eastern  divergent  asymptote  of  a  tropical  anticyclonic 
vortex  at  4.5N  14  6.5E.    At  27/00Z  the  same  low  is  located  at  4N  14 7E 
under  the  western  divergent  asymptote  of  the  same  tropical  anticyclone 
which  is  now  located  at  2.5N  150.  5E.    The  cloud  mass  associated 
with  the  low  changed  very  little  in  size  and  shape  in  the  interval 
mentioned  above.    This,  in  effect,  shows  the  preferred  location  of  a 
cloud  mass  with  respect  to  upper  and  lower  level  systems. 

24-HOUR  ISALLOBARIC/ISALLONEPH  FOR  27/00Z  -  26/00Z 

The  cloud  cover  increases  and  decreases  show  a  great  deal  of 
symmetry  about  150E. 
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Forecast  of  Clouds  and  Rainfall  at  Yap  for  the  Period 

27/00Z  to  28/00Z 

An  extensive  cloud  mass  is  located  240  nm  east  southeast  of  Yap. 
This  cloud  mass  is  moving  west  northwest  at  slightly  over  six  degrees 
of  latitude  per  day.    Therefore,   shower  activity  is  predicted  from  27/14Z 
until  the  end  of  the  period. 

VERIFICATION 

Good  to  excellent.    0.76  inches  out  of  the  total  of  0.77  inches 
of  rainfall  occurred  from  27/13Z  to  near  the  end  of  the  period. 
00Z  28  MAY  1966  (figures  55,   56,  57) 

UPPER  AIR 

The  subtropical  anticyclone  located  at  13.  5N  140.  5E  is  weakening. 
This  is  due  to  the  combination  of  a  trough  approaching  it  from  the 
northwest  and  the  cyclonic  vortices  located  15.  5N  150.  5E  and  9. ON 
154E  moving  toward  it  from  the  southeast. 

SURFACE 

The  low  at  6N  140. 5E  has  a  slightly  organized  cloud  mass 
associated  with  it. 

24-HOUR  ISALLOEARIC/ISALLONEPH  CHART  FOR  28/00Z  -  27/00Z 

West  of  150E  the  correlation  is  quite  good  between  the  24 -hour 

isallobaric  increase/decrease  and  the  24-hour  decrease/increase  of 

cloud  cover. 

Forecast  of  Clouds  and  Rainfall  at  Woleai  for  the  Period 

28/00Z  to  29/00Z 
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The  cloud  mass  over  Woleai  is  moving  west  northwest  at  15  knots. 
Since  it  measures  200  nm  along  the  axis  of  movement  shower  activity- 
is  predicted  from  28/00Z  to  about  28/1 3Z. 

VERIFICATION 

Good;  0.94  inches  out  of  the  total  of  0.98  inches  of  rainfall  that 
fell  during  the  period  occurred  between  28/00Z  and  28/1 3Z. 
00Z  29  MAY  1966  (figures  58,  59,   60) 

UPPER  AIR 

The  general  lack  and  weakness  (i.e.  mostly  cloud  code  5)  of 
type  1  cloudiness  east  of  140E  is  apparently  due  to  the  unusual 
influence  of  the  large  cold  cyclonic  vortex  at  15N  153.  5E. 

SURFACE 

The  low  at  6N  140. 5E  at  28/00Z  has  opened  up  into  a  relatively 
minor  trough  in  blocks  a  and  b.    The  cloud  mass  associated  with  it 
has  become  completely  disorganized. 

24-HOUR  ISALLOBARIC/ISALLONEPH  CHART  FOR  29/00Z  -  28/00Z 

The  cloud  increases  in  western  and  northern  block  j  appear  to  be 

due  to  development  in  situ. 

Forecast  of  Clouds  and  Rainfall  at  Woleai  for  the  Period 

29/00Z  to  30/00Z 

The  leading  edge  of  an  extensive  (420  nm  east  to  west) cloud 

mass  is  located  130  nm  east  southeast  of  the  station.    It  is  moving 

at  least  25  kt  to  the  west  northwest.    The  westernmost  180  nm  of  the  cloud 

mass  is  composed  of  cloud  code  5  while  the  remainder  is  mostly  made 


106 


«& 

tf 


•  • 


•  • 


108 


■ 


up  of  cloud  code  6.  Therefore,  light  shower  activity  is  predicted 
from  29/05Z  to  29/1 2Z  and  somewhat  heavier  shower  activity  from 
29/1 2Z  to  the  end  of  the  period. 

VERIFICATION 

Good  to  excellent;  0.03  inches  out  of  the  total  0.22  inches  for 
the  period  fell  between  29/06Z  and  29/12Z  while  0.18  inches  fell 
during  the  remainder  of  the  period. 
00Z  30  MAY  1966  (figures  61,   62,  63) 

The  discussions  in  this  appendix  conclude  with  this' date,, 
although  charts  were  prepared  for  consistency  up  through  01/00Z 
June  1966. 

UPPER  AIR 

The  tropical  anticyclonic  vortex  at  5.5N  134E  has  been  moving 
southeastward  and  apparently  was  generated  as  an  eddy  breaking  off 
from  the  subtropical  high  far  to  the  northwest  of  the  area  several 
days  ago  (figure  9). 

SURFACE 

The  perturbation  in  blocks  i  and  n  at  29/00Z  has  developed  into 
the  low  at  3N  143.5E.    The  cloud  mass  associated  with  it  has  become 
more  organized. 

24-HOUR  ISALLOBARIC/ISALLONEPH  CHART  FOR  30/00Z  -  29/00Z 

The  cloud  increases  in  block  i  appear  due  to  cross -equator 
movement  of  a  cloud  mass. 
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SECTION  V 
RECOMMENDATIONS 

The  tropical  ocean  area  is  notorious  for  the  lack  of  credible 
climatological  cloud  information.    It  is  suggested  that  the  coded 
cloud  charts  and  isalloneph  analyses  are  a  suitable  media  for  building 
an  updated  cloud  climatology.    For  instance,  one  could  even  include 
average  cloud  cover  by  type  as  defined  in  this  study. 

Since  a  cloud  photograph  may  very  soon  be  transformed  into  a 
cloud  code  chart  by  machine  methods,  then  such  a  field  combined 
with  cloud  mass  velocities  could  be  used  in  a  numerical  prognostic 
cloud  type  and  movement  program.    Additional  cloud  mass  parameters 
(shrinking/expanding)  developed  by  using  the  250-mb  analysis/ 
prognosis  would  also  be  useful. 

The  project  discussed  here  could  be  advanced  by  a  study  of 
inter-  and  intradiurnal  cloud  development  and  movement.    Pertinent 
ESSA  1,  ESSA  2  and  NIMBUS  2  photographs  could  be  obtained  for  this 
purpose . 

An  accurate  statistical  study  relating  24 -hour  cloud  changes  to 
pressure  changes  and  divergence/convergence  computations  at  250  mb 
are  certainly  in  order   to  quantitize  the  mostly  qualitative  approach 
taken  by  this  author. 

Since,  at  times,  there  was  lack  of  clear  cut  relation  between 
cloud  masses  and  the  surface  and/or  upper  air  flow  patterns,  mid- 
tropospheric  charts,  e.g.  ,  500  mbs,  need  to  be  investigated. 
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